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Salt is one of the stress factors for anaerobes like 
Desulfovibrio vulgaris in the environment. NaCl is found in 
high concentrations at many DOE contaminated sites.  The 
exact stress response pathways of D. vulgaris induced by 
NaCl are not known. To better understand the cellular 
responses to salt stress, we studied the proteome 
composition and expression levels of D.  vulgaris upon 
exposure to NaCl at 250mM for approximately two hours.  
Whole cell proteomes were extracted from cells before and 
after treated with NaCl or H2O. Protein compositions were 
assessed using the 3D LC-MS/MS technology developed at 
Diversa Corporation.  Proteins corresponding to over 50% of 
the predicted 3,500 ORFs were identified among the three 
samples. Relative protein abundance in each of the samples 
were represented by the spectrum counts for each identified 
protein. Lists of candidates that are potentially involved in 
salt stress response were obtained. The significant 
differences for proteins to be either up- or down-regulated 
were evaluated by the Local Pooled Error (LPE) test. The 
proteomic results were also compared to the ones from the 
same set of samples analyzed by alternative profiling 
techniques. The 3D proteomic technology provides tools for 
detailed mapping as well as global view of gene expression 
at protein levels during the stress response in D. vulgaris. 

AbstractAbstract
Goals
• Global view of proteome and changes in 

protein expression upon salt stress
Solutions
• Rapid one-fraction protocol for protein 

extraction
• 3D LC MS/MS for comprehensive 

peptide and protein identification
• Statistical tests based on the duplicated 

analysis to determine significant 
changes

Goals and SolutionsGoals and Solutions

• About 50% of the D. Vulgaris
proteome can be assessed for 
expression changes

• More than 10% proteins displayed 
changes upon salt Stress

• Many of these proteins are 
components in the ABS 
transporter sytems

• Concerted changes in the protein 
levels observed along the same 
energy metabolic pathway

ConclusionsConclusions

Sample PreparationSample Preparation

Culture

1% RapiGestTM

Centrifugation

Whole cell lysate

Protease digestion

Hydrophilic peptides Hydrophobic peptides

3D LC-MS/MS a 3D LC-MS/MS b

Data

10-20 ml cells

350 ug proteins
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Number of protein identificationsNumber of protein identifications

Design of the Salt Stress ExperimentDesign of the Salt Stress Experiment 3D LC* Technology3D LC* Technology
• 0.5 to 1 million MS/MS spectra per injection
• Minimal sample handling/ SDS tolerance

* Patent Pending

1. Reverse Phase Gradient:
(0-Xn%, Xn-Xn+1,...., Xn+y-100%)
i. salt step (10%, 20%,....90%)
ii. wash
iii. reverse phase gradient (see step 1)
iv. re-equilibrate, go to step i (if salt < 100%)

2. Back to Step 1. (if salt = 100%)
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Reproducibility of 3DReproducibility of 3D--LC/MS/MS experimentsLC/MS/MS experiments

cor=0.715 cor=0.734

722Proteins identified from all the 6 runs

1873Total identified unique proteins

3531Predicted ORFs

UpUp-- and Downand Down--Regulated Proteins (C1/V1)Regulated Proteins (C1/V1)

DVU ORF IDs E31 C1-1 E31 C1-2 E31 V1-1 E31 V1-2 rawp Annota tion
DVU3310 6 4 39 44 0.000073 ATP-dependent RNA he licase , DEAD/DEAH family
DVU1580 6 8 48 31 0.001035 ribose  5-phospha te isomerase, puta tive
DVU2536 2 3 9 8 0.046784 ribosomal prote in L35
DVU1930 16 26 43 66 0.015254 TP R domain prote in
DVU0133 21 13 38 43 0.036482 hypothe tica l prote in
DVU0503 197 145 509 327 0.003579 polyribonucleotide  nucleotidyltrans fe rase

Not a lot of proteins were detected to be statistically up-regulated following salt stress (p<=0.05)

A large number of proteins were detected to be statistically down-regulated (p<=0.05)
DVU ORF IDs E31 C1-1 E31 C1-2 E31 V1-1 E31 V1-2 rawp De scriptions
DVU1203 289 195 18 62 5.09E-09 se rine  hydroxymethyltra nsferas e

DVU0966 330 227 31 73 6.58E-08
amino acid ABC trans porter, periplas mic amino acid-binding 
prote in

DVU2329 22 32 1 5 0.00000038 hydrogenas e a ccess ory prote in HypB
DVU0251 13 65 1 3 0.000000907 membra ne prote in, puta tive
DVU0319 24 33 3 1 0.00000124 NAD-dependent epimera se/dehydra tas e  family prote in
DVU0956 114 164 33 18 0.00000161 ribosomal prote in S6

DVU0169 301 292 71 67 0.00000233
oligopeptide/dipeptide  ABC trans porter, periplas mic 
oligopeptide/dipeptide-binding prote in

DVU0873 116 90 21 17 0.0000134 tra nsla tion e longation factor Ts
DVU1411 95 131 13 37 0.0000135 thiamine biosynthe sis  prote in ThiC
DVU1323 29 11 2 2 0.000018 pre prote in translocas e , Se cY s ubunit
DVU1655 82 81 18 9 0.0000272 aminotra ns feras e , class es  I and II

DVU0323 13 30 1 3 0.0000376
methylenete trahydrofola te  
dehydrogenase /methenylte trahydrofola te  cyclohydrolase

DVU3319 59 100 11 14 0.000046
proline  dehydrogenas e/delta-1-pyrroline-5-carboxylate  
dehydrogenase

DVU3162 68 97 10 21 0.0000461 ABC tra ns porter, periplasmic s ubs tra te-binding prote in
DVU2774 72 83 10 18 0.0000586 CBS domain prote in/ACT domain prote in

DVU0625 37 69 9 8 0.000124336
cytochrome c nitrite  re ductas e , cata lytic s ubunit NfrA, 
puta tive

DVU0423 46 34 3 14 0.000148461 unive rs al s tres s  prote in family
DVU3168 23 52 5 6 0.000194886 gluta mate-1-se mialde hyde -2,1-aminomutas e
DVU2769 68 41 2 1 0.000232336 hypothe tical prote in
DVU1897 15 31 3 3 0.000234834 glycyl-tRNA synthetase , be ta  s ubunit
DVU1020 33 122 13 11 0.000250193 HD domain/s ensory box prote in
DVU2143 24 33 1 17 0.000257927 fructos e-1,6-bis phosphate  a ldola se , cla ss  II
DVU2927 284 362 65 182 0.000293771 ribosomal prote in L7/L12
DVU2580 9 27 1 3 0.000319613 res ponse  regulator
DVU0142 18 24 3 3 0.000326219 tryptophanyl-tRNA s ynthetas e
DVU2552 34 26 3 8 0.000404403 gluta myl-tRNA s ynthe tas e
DVU2543 35 74 12 8 0.000434111 hybrid clus ter prote in
DVU0881 112 141 45 31 0.000435938 tra nsla tion e longation factor G, puta tive
DVU2376 55 53 8 14 0.000485768 lysyl-tRNA s yntheta se
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An analysis of energy transduction and metabolic pathways suggests that cells are attempting to slow 
down their overall energy metabolism to cope with the salt stress, while still try to keep the expression 
level of some important components constant.
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-1.565730-0.827703ORF02778DVU2293 iron-sulfur protein CooF0.3720130.77146417315794

-1.715000-0.889596ORF02777DVU2292 hydrogenase nickel insertion protein HypA0.3216354.613713120161

-0.983520-0.518672ORF02775DVU2291 carbon monoxide-induced hydrogenase CooH, putative0.002586-1.88005536619116941

-1.195770-0.621323ORF02773DVU2290 hydrogenase, CooU subunit, putative0.049756-1.404374178961821

-0.886885-0.481890ORF02772DVU2289 hydrogenase, CooX subunit, putative0.212466-1.13911621111379

-0.396139-0.203432ORF02771DVU2288 hydrogenase, CooL subunit, putative0.159185-1.25459414444713

-0.246458-0.124040ORF02769DVU2287 hydrogenase, CooK subunit, selenocysteine-containing0.422902-2.2931783211164

-0.338489-0.179939ORF02767DVU2286 hydrogenase, CooM subunit, putative0.259488-1.03589112535267

-1.385760-0.740119ORF03992DVU3028 iron-sulfur cluster-binding protein0.004600-1.71200042220136841

-2.537990-1.423490ORF03990DVU3027 glycolate oxidase, subunit GlcD0.549200-0.258400461509423690446

-4.094960-2.289400ORF03996DVU3030 acetate kinase0.070700-0.778300402168190328286

-3.356400-1.786770ORF03994DVU3029 phosphate acetyltransferase0.127000-0.658300704254221422331

N/AN/AORF03986DVU3025 pyruvate-ferredoxin oxidoreductase0.9034000.05240012151754147514481660

0.0923600.046528ORF05664DVU0600 L-lactate dehydrogenase0.059895-7.43703430913

-3.687790-1.915360ORF03988DVU3026 L-lactate permease family protein0.050065-1.73041257033119

-0.476141-0.273363ORF03431DVU2683 L-lactate permease family protein0.9209830.61050051673

-2.526670-1.357660ORF03046DVU2451 L-lactate permease family protein0.013005-2.10820357017526

0.2399120.132293ORF02765DVU2285 L-lactate permease family protein0.059958-2.81537550612119

Z-scorelog (fold-change)ORF IDsDescriptionrawpmediandiff#AAV1-2V1-1C1-2C1-1

Step
1

Step
2

Step
3

3.0016801.529180ORF00228DVU0780 ATP synthase F0, B' subunit, putative0.1432360.75135613168752962

2.9814901.638130ORF00226DVU0779 ATP synthase F0, B subunit, putative0.8370110.2068221764131

3.6026501.962360ORF00224DVU0778 ATP synthase, F1 delta subunit0.294315-0.63720618318182729

2.9372601.715810ORF00223DVU0777 ATP synthase, F1 alpha subunit0.3485670.404049502447413342308

2.6460001.457900ORF00220DVU0776 ATP synthase, F1 gamma subunit0.105000-0.9874252913682939

2.6548101.487780ORF00219DVU0775 ATP synthase, F1 beta subunit0.802393-0.107949470355426603291

3.2457901.731610ORF00217DVU0774 ATP synthase, F1 epsilon subunit0.1132310.88669713473273218

0.5686840.307637ORF01081DVU1295 sulfate adenylyltransferase0.097449-0.7149164277275021157849

2.4070901.253760ORF00337DVU0847 adenylyl-sulphate reductase, alpha subunit0.6856860.17457966415358521407729

1.2237700.646196ORF00336DVU0846 adenylylsulphate reductase, beta subunit0.5699110.245092167637834656576

-0.636454-0.411425ORF03102
DVU2482 formate dehydrogenase, alpha subunit, selenocysteine-
containing0.369800-0.501100100329286525

-1.191850-0.603949ORF03099DVU2481 formate dehydrogenase, beta subunit, putative0.067200-2.74660026012156

-2.300530-1.239630ORF02130DVU1922 periplasmic [NiFe] hydrogenase, large subunit, isozyme 10.052400-1.433200566761718

-1.184220-0.612709ORF02128DVU1921 periplasmic [NiFe] hydrogenase, small subunit, isozyme 10.295000-4.115100317232

-2.479460-1.479270ORF02121
DVU1918 periplasmic [NiFeSe] hydrogenase, large subunit, 
selenocysteine-containing0.191900-0.562900510391483663621

N/AN/AORF02120DVU1917 periplasmic [NiFeSe] hydrogenase, small subunit0.134900-0.6983003179257114121

Step
4

Step
5

Step
6

Genes for plotting for global view were selected based  on the following criteria:
Expression at both mRNA and protein levels were detected
Absolute Z-score (from proteomic and transcriptome detection) 
between C1 vs V1 >=1
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b) protein correlation

Genes for plotting for operon view were selected based  on the following criteria:
Difference in total spectrum counts between the 2 replicates < 2-fold
Avg(Spectrum counts)ctrl or Avg(Spectrum counts)treated >= 5 
Absolute Z-score between C1 vs V1 >=1
Genes were predicted to be in the same operons
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a) global correlation

-1.034270-0.526138ORF00569DAK2 domain protein0.297819-4.11511DVU0980N/A206412

-1.661930-0.896870ORF00568DAK1 domain protein0.005675-1.87029DVU0979-0.59763206411

2.7489701.637520ORF02867amino acid ABC transporter, ATP-binding protein0.059895-3.95257DVU2343N/A207830

0.7531450.405787ORF02865
amino acid ABC transporter, periplasmic amino
acid-binding protein0.015830-2.04913DVU2342-1.07028207829

-1.623230-0.825488ORF02156
phosphonate ABC transporter, periplasmic
phosphonate-binding protein, putative0.012839-1.23470DVU1937-1.16638207407

-1.746450-0.921065ORF02154phosphonate ABC transporter, ATP-binding protein0.162471-5.48359DVU1936N/A207406

N/AN/AORF02153phosphonate ABC transporter, permease protein0.942528-0.40437DVU1935N/A207405

-0.121790-0.065608ORF02151phosphonate ABC transporter, permease protein0.059895-7.43703DVU1934N/A207404

-0.214096-0.114050ORF05574
high-affinity branched-chain amino acid ABC
transporter ATP-binding protein0.034302-1.85092DVU0551N/A209488

0.2451630.149827ORF05572
high-affinity branched-chain amino acid ABC 
transporter, ATP binding protein0.297819-4.11511DVU0550N/A209487

0.4323470.240064ORF05568

high-affinity branched chain amino acid ABC
transporter, periplasmic branched chain amino
acid-binding protein0.027824-1.28018DVU0547-1.33487209486

1.8166600.949316ORF00115
branched-chain amino acid ABC transporter, ATP-
binding protein0.037318-1.74662DVU0716N/A206139

0.3205330.176619ORF00113
branched-chain amino acid ABC transporter, ATP
binding protein0.515873-1.00070DVU0715N/A206138

1.6875900.939064ORF00108
amino acid ABC transporter, periplasmic-binding
protein0.000615-1.79066DVU0712-1.33990206137

z-scorefold changeORF IDsDescriptionP-valuemediandiffDVU ORF IDsfold changeVIMSS IDs

All the proteins identified to be down-regulated by ICAT were also detected by 3D-LC/MS/MS
3D-LC/MS/MS detected many more down-regulated proteins than ICAT
However, the up-regulated protein lists are not consistent between the two technologies

-0.62562-0.32876ORF00955nitroreductase family protein0.78453-0.79318DVU12200.88379206659

-1.72535-0.89353ORF02913outer membrane protein OmpH, putative0.26210-1.03014DVU23700.88750207858

-1.67715-0.84481ORF02911
UDP-3-O-(R-3-hydroxymyristoyl)-glucosamine N-
acyltransferase0.64229-0.43793DVU2369N/A207857

-0.95156-0.48847ORF02910
beta-hydroxyacyl-(acyl-carrier-protein) dehydratase
FabZ0.232450.87318DVU2368N/A207856

N/AN/AORF02908
acyl-(acyl-carrier-protein)--UDP-N-acetylglucosamine
O-acyltransferase0.910640.07676DVU2367N/A207855

-1.85717-1.00194ORF01244bacterioferritin0.32314-0.51783DVU13970.94740206840

-1.78424-0.94416ORF00590ThiJ/PfpI family protein0.00404-1.60573DVU09950.98797206427

Z-scorefold changeORF IDsDescriptionrawpmediandiffDVU ORF IDsfold changeVIMSS IDs

2) Up-regulated proeins

1) Down-regulated proteins

Up-trends
Nitrate StressSalt StressO2 Stress

RNA-binding protein54324311891611DVU2430

chaperonin, 10 kDa585144522847283515120681165DVU1977

chaperonin, 60 kDa148013661223116718791815143417352125377012422268DVU1976

hypothetical protein4971191835271939431382835DVU1826

ribosomal protein L25205198201199179280195121399664285339DVU1574

peptidyl-prolyl cis-trans isomerase C6783474157132626059864039DVU1470

trigger factor134127848814615865113452589339466DVU1334

ribosomal protein L24110.010.01101260202849DVU1314

RNA-binding protein3112902532013252982152271953841580DVU1257

ribosomal protein L19119782418197781003149DVU0835

ATP synthase F0, B' subunit, putative61595148756826628714671114DVU0780

ATP synthase, F1 beta subunit4183102812794263553712917031042487725DVU0775

ATP synthase, F1 epsilon subunit19222762773301845761133DVU0774

DescriptionsV1-2V1-1C1-2C1-1V1-2V1-1C1-2C1-1V1_2V1_1C1_2C1_1DVU IDs

Down-trends

translation initiation factor, aIF-2BI family, putative120.0130.0117564816DVU0084

universal stress protein family88798696825613248147345258449DVU1030

translation elongation factor G, putative1571171331714531115112165199215447DVU0881

TPR domain protein151142108222347297767246203203DVU3272

flagellar hook protein FlgE932431651021161001693554DVU1443

basal-body rod modification protein FlgD30.0165549301510DVU1444

nif-specific regulatory protein98151230.0161376811DVU1949

mercuric transport protein periplasmic component51341307076912145207272247DVU2325

periplasmic [NiFe] hydrogenase, large subunit, 
isozyme 199171367121824374747DVU1922

flagellin56991211313011212134DVU1441

radical SAM domain protein11131021384246DVU0855

hypothetical protein10.01120.0123182409DVU3002

molybdopterin oxidoreductase domain protein0.01120.010.010.0164701631DVU1611

C0

C1

V0

V1

T = 0 h

T = 2 h

Control Salt 250 mM

Samples were collected at C0, C1 and V1 states;
The same biomass was used to conduct transcriptome and proteomic  
profiling experiments;
Each sample was run in duplicates to understand the reproducibility of the  
proteomic experiment


